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h mtm VAPOR mmM^im prqcsss 
Bac}c^round of th^ invention 

51 The invention relates generally to a process for 

isttproving the electrical cliaJ^acteri sties of semiconductor 
devices which employ silicon nitxlcle aad/or silicon 
oxynitride layers. 

A typical fabrication sequence of the silicon 

10 nitride (or oxynitride) gate dielectric involves; {!) 
cleaning of Si wafer; C2) forming silicon nitride (or 
oxynitride) on Si wafer; (3> performing a post-deposition 
high-temperature anneal in nitrogen or oxygen and 
typically at teroperatures >800*C; (4) depositing a gate 

IS electrode; and (5) performing a post-gate electrode 
anneal in nitrogen or forming gas^ typically between 
400*'C and 500*C, A -variety of dielectric deposition 
methods have been used in the past/ iiicXtadiag APCTO, 
LFCVD/ PECVB, and JVD. 

20 In addition to deposition, the silicon oxynitride 

aentioned above may be formed by nitridising a thermal 
oxide layer at an elevated temperature in H2O or HHu 
asOaient/ or by directly oxidizing Si in an N^O aiobient, or 
by reoxldizing a silicon nitride or oxynitride film, etc. 

25 Relative to silicon dioxide, silicon nitride or 

silicon oxynitride possesses a number of attractive 
features as a gate dielectric for Field Bffect 
Transistors {TEl*s), including (1) higher dielectric 
constant, (2) better barrier against it^urity diffusion, 

30 aftd (3) better resistance to radiation damage and hot- 
carrier damage* tjnfortunately, the electrical 
properties of the silicon/nitride interface are very poor 
due to the presehoe of very high densities of interface 
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traps and bulk traps. Therefore * ntamerous attempts have 
been made by various research groui>s over the past 3 
decades to iiaprove the electrical properties of the 
silicon nitride layer and thereby produce FET*s which 
5 o«t»perfoxm conventional KOSFEt's using silicon dioxide 
as the gate dielectric. However, none of these efforts 
has been truly successful, 

Smmary of the Invention 
In one aspect * the invention involves inserting a 

10 new process step in the fabrication of Metal-Insulator- 
Semiconductor Devices (JSlS'sJ that contain silicon 
nitride or silicon oxynitride in their gate dielectrics, 
where the silicon oxynitride may contain a$ little as a 
fraction of a percent of nitrogen. For brevity / such 

15 devices will be called HSS devices in this document. 

this new process dramatically improves the performance of 
a variety of MNS devices. 

The new process step is; (1) a water- vapor 
annealias treatment after the formation of the gate 

20 dielectric {i.e., after step 3 above); or {2) a water- 
Vapor annealing treatment which replaces the conventionaX 
post-gate electrode annealing treatment {i.e./ step 5 
above); or (3) a water-vapor annealing treatment after 
subse<^ent metaiisation steps, or (4) a combination of 

2S the above. The water-vapor anneal may be performed at a 
temperature in the range of about 270~500''C for 30 min. 
(approx.), The results of performing such a water-vapor 
anneal are remarkable. It greatly reduces the density of 
interface traps and it greatly enhances channel mobility 

30 in MNS devices, to the point that i^HS devices should be 
commercially viable* 



'pcrmmmm 



- 3 - 

In generals in oas aspect ^ the iaveation is a 
method of fabricatiug seiRicoAductor devices including the 
steps of forming a silicoo-based dielectric layer 
cotttainiag nitrogen having a concentration that is in a 
5 range of a fraction of a percent up to stoichiometric 
Si^tf and astmeaXing the dielectric layer in a water vapor 
atmosphere. 

Preferred embodiments have the following' features* 
the method further includes the step of forifting a gate- 

10 electrode on the dielectric layer. The water vapor 
anneal step is performed after foming the gate- 
electrode- alternatively, the water vapor ansieal step is 
performed before fozaiing the gate-electrode* The 
dielectric layer is asade of silicon nitride, or silicon 

IS oxynitride/ or a nitrided silicon oxide, or a nitrodiaed 
silicon oxide, the water vapor anneal step is performed 
at a temperature which is in the range of about 270*C to 

In general, in another aspect, the invention is a 
20 semiconductor device fabricated in accordance with the 
above-described procedure (i.e., using a WTk step). 

In general , in yet another aspect/ the invention 
is a method of fabricating semiconductor devices 
including the steps of forming a dielectric layer made of 
25 a material that is selected from a group of materials 
consisting of silicon nitride, silicon oxynitride, 
nitrided oxide, and nitrodized oxide j? aimeaiing the 
dielectric layer in a water vapor atmosphere. 

In general/ in still another aspect, the iiiVeation 
30 is a method of iiaproving electrical characteristics of a 
me tal~insulator~semi conductor (HIS) device in which the 
insulating layer comprises a dielectric selected from the 
group of materials consisting of silicon nitride^ silicon 
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oxynitride/ nitrided oxide, and nitrodised oxide, the 
method includes the step of anneaiing t&e device in a 
water vapor atmospiiere. 

The use of water vapor at a modest annealing 
S temperature in the nitride fabrication process 

"passivates" the nitrid«/$i {or oxynitride/$i) interface. 
The advantage over the present technology is that it 
enables high-quality HOSFET's to be fabricated. The 
IniTfention can be used in the fabrication of all 

10 sfimiconduGtor devices end XC's containing a silicon 
nitride ox nitrided silicon oxide layer where the 
electrical properties of that layer and its interfaces 
are of concern. For exaiuple^ it can be used to i^rov© 
the performance and characteristics of: (1) gate 

IS dielectrics of FET's used in microprocessors ^ DRRMs, 
SRJ^s, Flash Memories, and lEPROMs^ just to name a few; 
(2) dielectrics for storage capacitors in DR2^; {3) 
inter-poly dielectrics; and (4) thin-filci transistors 
{used in SRSMs and flat panel display technologies, for 

20 example.) 

Other advantages and features will become apparent 
from the following description of the preferred 
easbodiment and from the claims. 

Brief Description of the Drawings 
25 Fig. 1 shows a representative fabrication s®<|iience 

that has been laodified in accordance with the invention; 

Fig. 2 is a plot of the quasi-static capacitance 
verstis gate voltage for two MNS capacitors, one 
fabricated using the water-vapor anneal step (B) and the 
30 other fabricated without benefit of a water-vapor anneal 
step (A) ; 
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Fig. 3 shows a plot of capacitance versus gate 
voltage for the capacitor of curve B in Fig. a after it 
has had a further water-vapor aaafeaJ, step performed as a 
post-gate electrode'-annsali 
5 Fig. 4 is a plot of leakage current for two 

devices^ one fabricated using the water" vapor anneal and 
the other fabricated without it; 

Fig, S is a plot of th« tra»scoaductaace (Gia) of; 
(1) a control MOSFET {dashed cairve) ; (2) a HOSEBT with NjO 
10 oxyaitride without WVA treatment (lower solid) ? and <3) 
MOSFET with NjO oxynitride with WVA treatment (upper 
solid) ; 

Fig. 6 is a plot of the peak trajisconductance 
versus channel length for two sets of MOSFST's with an NgO 
15 annealed gate oxide, one of which benefitted froa the «VA 
and the other of which did not; and 

Fig* ? are plots of dhiarge pusaping current versus 
gate voltage fori (I) a MOSEET having an ifjO oxynitride as 
gate dielectric with no WVA treatment? {II J same device 
20 with «VA; {III) control device with oxide as gate 
dielectric* 

Description , , o f , , , the , , , Preferred , , Eatoodl m ent s 
I have discovered that performing a water-vapor 
anneal on silicon nitride or silicon oxynitride layers 
2S substantially iiaproves the quality of the devices. 

Experiments have been conducted which dramatically showed 
the benefits of adding such an anneal to the fabrication 
procedure, 

Tqt some of the experiments that are reported 
30 herein, we started with (100) oriented Si wafers which 
had a resistivity of about a few obirf*cm. we processed 
these substrates to fabricate metal-nitride-siiicon 
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capacitors using standard fabrication procedures. Fij:st, 
we performed a standard cleaiiing procedure to produce 
very clean bare silicon wafers with no natitfe oxide on 
its surfaces <step 100) , These wafers were then loaded 
S into a silicon nitride deposition chaiaber. We deposited 
a silicon nitride film on the silicon substrate {step 
IQZ) , The layers that were deposited were about BO-SOA 
which is electrically equivalent to a SiOj layer of about 
4O-45A* After deposition, we transferred the wafer from 

xo the nitride deposition chamber to a furnace for post- 
deposition annealing at SOO*C for 30 minutes in a dry Nj 
asibient {£itep 104) , 

We followed the post-deposition anneal with an 
aluminuni evaporation and then used standard 

IS photolithography procedures to form the gate electrodes 
(i.e., the top electrodes) of the M^S capacitors {step 
106) , Then/ we performed another aluminum evaporation on 
the backside of the wafers, thereby forming the other 
electrode of the MNS capacitors. Finally, we performed a 

20 post-electrode anneal in or forming gas <step 108) . 

typically/ the process might further include a 
phase during which metal i£ations and interconnects are 
formed for the devices (step 110) and then the chip is 
passivated by applying a passivation layer {e.g. SiK) 

25 {step 112} , 

Note that the procedure just described also 
generally describes the formation' of devices which 
utilize an oxynitride layer for the dielectric , except 
that instead of using deposition ec[uipment to form a SiN 

30 layer other fabrication equipment is used to form the 
dielectric layer. This is illustrated by the alternative 
path through box labeled 114 « 
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In this ^eaeraX process^ we itiserted a water vapor 
anneal (wm) step* We found that th« wm step csxi be 
inserted either before or after the electrode foratation 
steps. The alternative locations for the step are 
5 representee! in Fig. 1 by the dashed boxes. Regardless of 
where the step was inserted^ it dramatically improved 
device performance < 

tl!e performed the WA step in a standard steam 
oxidation f-arnace such &s is typically found in laany 

iO wafer fabrication facilities, the furnace tube which was 
at 3S0°C and the total S?VA anneal time was about 30 
minutes. During the annesil^ we supplied water vapor 
to one end of the tiabe singly by using an infra"»red lasap 
to heat up a tank of deionized {Dl) water that was 

IS connected to the tube. The heated DX water evaporated 
and flowed through the tube and over the devices that 
were being annealed. 

We fabricated two sets of t^Z capacitors ^ one set 
made by using a post-deposition WV3V and the other set 

20 teade without any Km< In both sets, the dielectric 

{i.e., the silicon nitride layer) had an equivalent oxide 
thickness of about 5.3 nm (nanometers) . We compared the 
electrical characteristics of devices from both seta. 
For exaix^le, we laeasured quasi-static capacitance versus 

25 gate voltage for devices from each set (see the curves 
shown in Fig. 2) * Curve A represents the performance of 
a device which was made without using a post*deposition 
Wfh and Curve B represents the performance of a device 
that was aade with a poat'-deposltion wm. As can be 

30 seen, there is a laarked reduction in <|uasi-static 

capacitance for the device that benefitted from the ffVA. 

Referring to Fig. 3, the capacitor represented by 
curve B in Fig. 2 then received a WVA treatment again as 
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3 post*metai anneal and the high frequency a«d quasi- 
static capacitajice versus voltage (C-V) curves were 
Bieastived for this device. As can be s&mn, tho high 
frequency C~V CHKtV) and the quasi-static Cv curves 
5 perfectXy match over much of the acciMulation and 

depietiOh regions. This indicates a very low density of 
interface states. In addition/ the measured flatbaad 
voltage of HKJV also indicated a low de»sity of 
dielectric charge, 

10 we also measured the ia^act of a mrA on leakage 

current in devices that had 2 mil diameter electrodes and 
an effective oxide thicJcness of about 4^k, These results 
are shown in the versus V^. curves of Fig> 4. The curve 
on the left is Iq-Vh before WTA and the curve on the right 

IS is after WVA. Again/ a post-deposition mh treatment 
significantly reduces leakage current. 

We also evaluated the intact of the mh on the 
electrical perfomance of MOSFlT's that were fabricated 
and supplied toy a third party. These MOSFET's had an NjO 

20 oxynitride layer as the gate dielectric, the oxynitride 
films were formed by either annealing a previously foxmed 
SiOi layer in an NjO aKibient or by oxidising Si directly 
in an HjO aiabient. their thicknesses were approximately 
80 A/ and they contain small amounts of nitrogen, ranging 

2S froia a fraction of a percent to a few percent- Fig, 5 
shows the how much transconductance (CM) improves when 
the is used. The lower solid curve shows the 
performance of the MOSFET without using a WV^ and the 
upper solid curve shows the performance of the MOSFET 

30 after using a WVA. The dashed line represents data from 
a control sample ^ which used a thermal oxide as a gate 
dielectric rather than a Nj,0 oxynitride. As can be seen, 
the values of the wm. treated device are far superior 
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to those of the untreated device. In fact, th^ peaK a« 
value of Wm treated device is as good as tl^at of th$ 
control saii3|)lft and in the high, field range, the <^ values 
are much superior even to that of the coxitrol sample. 
5 Referring to Fig. 6, a plot of the peak 

transconductance versus channel length also shows a 
similar consistent and substantial ia^rovement from the 
wm. The upper curve is for devices that i^enefitted from 
the and the lower curve is for devices that did not 

XO use the WA. In general, the WVA produces about a XO-20% 
increase in peak transconductance* 

measured charge pumping current of the various 
devices «nd found that the IffVA produced a drastic 
decrease in charge pumping current. This is strong 

15 evidence that the iu^roveiaent that we have seen in the 
other measureaients is due to a reduction in interface 
trap density and oxide charge. Fig. 7 shows three curves 
of charge pumping current versus gate voltage. The top 
curve is for a HjO oxynitride MOSFET device which was not 

20 given a wm. treatment; the bottom curve is for the same 
device after it was given a wtka treatment? and for 
comparison purposes, the t«dddie curve is for a MOSHIT 
that used a thermal oxide (i.e., SiO^) as the gate- 
dielectric. 

as We observed a positive effect over a temperature 

range of 270-S00*C, with the best results occurring at 
about 3S0*Ct We expect, however, that as further 
experiments are performed, we will see the beneficial 
effect of the WVA under other process conditions and at 

30 temperatures outside of this range. 

The nitride or oxynitride may toe formed by any 
nusiber of ways, including chemcal vapor deposition, 
physical vapor deposition, or by nitriding thermal SiOj 
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{©.g. by introducing a fraction of a percent to a few 
percent of nitrogea into SiO^ toy amealing siOs in iJgO or 

astbieist at high temperatures) . It is not intended 
that the inxrention toe iimitesd in any way with regard to 
5 how the SiN or silicon oxynitride layer is formed. 
The wm step has b«en insertsd at various 
locations into the fabrication process, all prodiicing 
positive results . Th« following illustrates the variety 
of ways in which the mA step was inserted into the 
10 fabrication procedure: 

H) nitride <or oxynitride) fortaation 4 wm + high- 
temperature (e.g. -800*C) anaeal + gate 
electrode deposition + post-gate electrode 
annealing 8 AOQ^C 

IS {2} nitride <or oxynitride) formation ^ high*- 

temperature Nj anneal + WVA + gate electrode 
deposition + post-gate electrode annealing 

(3) nitride {or oxynitride) formation + high- 
temperature ^2 anneal + gate electrode deposition 

20 + WV?^ (to replace post-gats electrode annealing) 

(4) nitride (or oxynitride) formation -h high- 
teiaperature anneal + WVA + gate electrode 
deposition + WVA (to replace post-gate electrode 
aimealingl 

25 Though ail of the afcove-de scribed coxabinations produced 
positive results, the last one tended to produce the best 
results . 
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Though we have described specific process steps 
and structures for which our experiments! w§r$ perfooted^ 
the iavsntion is not limited to such process steps or to 
such structures. For exaanple* though we used 
S metalizations to form the gate electrodes in our 
experiments/ today such electrodes are more typically 
formed toy polysilicon layers, ^be iiivention is not 
limited to any particular manner of forming the gate 
electrodes. In additiour it is apparent that the water 

10 vapor anneal can toe used in any structure that includes a 
nitride layer, an oxynitride layer, & nitrodized oxide 
layer^ or a nitrided oxide layer, the electrical 
properties of which are important to device performance. 
Also/ it appears that the water vapor anneal step can be 

IS inserted at any location (s) in the process after the 
formation of the dielectric layer and positive results 
will be achieved. This is meant to be illustrated by the 
different alternative locations at which the WVa. steps 
have been inserted in the general flow diagram of the 

30 fabrication process Uee Fig. 1) . 

This technique can be applied to any device that 
incorporates a dielectric layer that is composed of 
^silicon and nitrogen atoms , including amorphous and 
crystal SiN and silicon oxynitride. There are many ways 

26 known in the art for forming such layers- For example/ 
one might first grow a silicon oxide layer and then 
nitrodize the layer so as to introduce nitrogen into it 
(usually in amounts equal to only a few percent) . 
Various techniques are known for nitriding the layer 

30 including using N^o, NO or IIH3 arobients. Alternatively, 
one might form a SiN layer (e.g. by a CVD process) and 
then reojeidize that layer by exposing it to an oxygen or 
oxygen containing ambient. Clearly the composition of 
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these layers varies widely <3«peRding of course on the 
pgirticular m$tho<3 of fabricating tfee iayer. In general, 
among other things, the aitrogen serves a sliailsiJ: 
function iacludiag/ for example, forming a barrier for 
5 the out diffusion of dopant from the uader lying material. 
The invention can be applied to all of these structures 
with similar results. 

Other eatoodiments are within the following claims, 

What is claimed is; 
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1. A method of fatorieatlng semicoiidtictor dei?ice$ 
coaprisirtg the steps of! 

forming a silicon-based dielectric layer 
5 containing nitrogen having a concentration that is in a 
ran^e of a fraction of a percent up to stoichiometric 
SiaN*/ md 

annealing the dielectric layer in a water vapor 
atmosphere . 

10 2. The method of claim 1 further cmprising 

foming a gate-electrode on the dielectric layer* 

3. The method of claim 2' wherein the water vapor 
anneal step is performed after forming said gate- 
electrode. 

15 4. The method of claim 2 wherein the water vapor 

anneal atep is perfcmed before forming aaid gate- 
electrode , 

5, The method of claim 1 wherein the dielectric 
layer cossprises silicon nitride - 

20 6, The method of claim 1 wherein the dielectric 

layer coaqprises a silicon oxyaitride. 

7. The method of claim 1 wherein the dielectric 
layer ccar^rises a nitrided silicon oxide or a aitrodized 
silicon oxide. 
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8, The method of claim I wiierelo the water vapor 
anneal step is performed at a temperature which is in the 
range of about 2?0*C to 50a"C. 

&* A semiconductor device fabricated in 
S accordaace with the process of claim l. 

10. A method of fabricating semiconductor devices 
comprising the steps of; 

foming a dielectric layer made of a material that 
is selected from & group of materials consisting of 
iO silicon nitride, silicon oxyttitride, nitrided oxide, and 
nitrodized oxide; 

ajrmeaiing the dielectric layer in a water vapor 
atmosphere. 

11, A method of improving electrical 

IS characteristics of a metaX-insuXator-semiconductor (MIS) 
device in which the insulating layer comprises a 
dielectric selected from the group of materials 
consisting of silicon nitride^ silicon oxynitride^ 
nitrided oxide, and nitrodized oxide , said method 

20 comprising annealing the device in a water vapor 
atmosphere . 
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